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a  b  s  t  r  a  c  t
In this  study,  the  puriﬁcation  and  characterization  of two thermostable  laccases  produced  by  Pycnoporus
sanguineus  CS43  (LacI and  LacII)  were  performed.  Also, their  biotechnological  potential  was  assessed
through  the degradation  of  endocrine  disrupting  chemicals  (EDCs).  Laccases  were  puriﬁed by  ultraﬁl-
tration,  ion  exchange  (IEX)  and  hydrophobic  interaction  chromatography  achieving  speciﬁc  activities
close  to 285  U  mg−1. The  molecular  weights  of  LacI  and  LacII,  determined  by  SDS-electrophoresis,  were
68  and  66  kDa,  respectively.  Both  laccases  showed  high  amino  acid  sequence  similarity  (91%)  between
them  and  high  thermostability,  at 50 and  60 ◦C (half-lives  of 277.7  and  18 h  for  LacI,  35.8 and  2.25  h  for
LacII).  The  isoforms  oxidized  common  laccase  substrates  such  as 2,2′-azino-bis  (3-ethylbenzthiazoline-
6-sulfonate  (ABTS),  2,6-dimethoxyphenol  (DMP)  and  guaiacol  at acidic  pH  conditions.  ABTS  was  the  most
efﬁcient substrate,  showing  high  speciﬁcity  constants  of  74,816  and  36,746  mM−1 s−1 for  Lac  I and  LacII,
and  Michaelis  constants  (Km)  of  6.9  and  12.2 M respectively  at pH 3.  Both  puriﬁed  laccases  remained
active  at  high  concentrations  of  organic  solvents  (acetonitrile,  ethanol  and  acetone),  with  an  IC50 (v/v)
of  >64%,  55%  and  47% for  LacI, and  33%,  52%  and  31%  for LacII,  respectively.  LacI  and LacII  were  tested
to  degrade  EDCs,  nonylphenol  and triclosan,  with  more  than  95% removal  after  8 h  of  treatment  with
100  U/L  at  pH 5  as determined  by means  of  HPLC.  The  high  thermostability,  unique  Michaelis–Menten
kinetic  parameters,  and  organic  solvent  tolerance  demonstrated  for the  isoforms  produced  by P. sanguin-
eus CS43  render  them  promising  candidates  for  industrial  applications.  LacI  exerted  a  higher  thermal  and
pH stability,  tolerance  against  inhibitors  and  was  a more  efﬁcient  catalyst  for  ABTS  and DMP than  LacII.
©  2014  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Laccases are multicopper oxidases (benzediol oxygen oxidore-
uctases; EC 1.10.3.2) having the ability to oxidize a wide spectrum
f phenolic compounds with the reduction of oxygen to water [1].
accases have been found in fungi, plants and bacteria. Among
hem, white-rot fungi (WRF) are of special interest because one
∗ Corresponding author. Tel.: +52 8183 581400x5561 105;
ax: +52 8183 582000x5561 124.
E-mail address: r.parra@itesm.mx (R. Parra).
ttp://dx.doi.org/10.1016/j.molcatb.2014.06.006
381-1177/© 2014 The Authors. Published by Elsevier B.V. This is an open access article unlicense (http://creativecommons.org/licenses/by-nc-nd/3.0/).
of the roles of their laccases is to degrade lignin and most of them
are extracellular enzymes facilitating puriﬁcation procedures [1].
Some of the WRF  genera most studied are Trametes and Pleuro-
tus [1]. During the last two  decades, there has been an increasing
interest in the genus Pycnoporus for its ability to overproduce high
redox potential laccases as the predominant ligninolytic enzymes.
Laccases from the genus Pycnoporus also show a high degree of pH
and thermal stability [2–4].The puriﬁcation and characterization of laccases serves to assess
their suitability for industrial applications. Industrial processes
require more resistant enzymes for extreme temperatures and
pH. In previous works, Pycnoporus sp. SYBC-L1 laccase presented
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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tability at low (0 ◦C) and high temperatures (50–70 ◦C), and pH
ptimal of 2.5–5.5 for the substrates ABTS, DMP, syringaldazine and
uaiacol [2]. A pH optimum of 8.5 for ABTS was reported for Strep-
omyces psammoticus laccase (a halotolerant-alkaline enzyme) and
o change of activity was detected after 90 min  at 50 ◦C [5]. Ther-
us thermophilus HB27 laccase expressed in Escherichia coli resisted
onditions of 80 ◦C (half-life of 14 h) [6].
Even though there are several studies about laccases from Pycno-
orus sanguineus that showed the species to be suitable for laccase
roduction [3,7], it is important to further characterize the enzyme.
ifferent strains have laccases with unique properties, such as cat-
lytic efﬁciency, and tolerance to harsh conditions or chemicals that
ight provide appropriate enzymes for speciﬁc applications. There
s still a need for more efﬁcient and stable laccases [8,9]. There are
ome 15 publications in which some degree of laccase characteri-
ation from P. sanguineus has been performed, some of them with
 comprehensive characterization [3,4,10]. None of the previous
ublications includes the group of tests we have performed in this
tudy, which providesan extensive data collection for thermosta-
ility and pH stability, and inhibition studies for 11 organic solvents
rom which N,N-dimethylformamide (DMF) and acetone have not
een tested before for this species.
Besides the stability, there are several crucial factors to deter-
ine the applicability of any enzyme for industrial use, such
s availability, production costs and optimal reaction conditions.
t present, thermostable laccases are used for various industrial
pplications such as denim bleaching in the textile industry, and
ulp bleaching in the pulp and paper industry [11]. Bioremedia-
ion, including wastewater treatments, is a ﬁeld that could widely
eneﬁt from an enzymatic process. In the last decades, emerg-
ng contaminants have been detected and monitored in different
ater sources, consequently drawing attention to a group of chem-
cals known as endocrine disrupting chemicals (EDCs). These are
olecules of natural and synthetic origins, known for disturbing the
ndocrine system of some living organisms. Two common EDCs are
he non-ionic surfactant biodegradation metabolite nonylphenol
NP) and the antibacterial agent triclosan (TCS) [12]. Even though
astewater plants use activated sludge to remove the majority of
ulk molecules, the presence of EDCs has been reported in the
reated efﬂuents, groundwater and even in drinking water [13].
everal approaches employing fungal enzymes have been devel-
ped to remove EDCs. Enzymatic biodegradation of NP and TCS
as involved fungal strains of Trametes versicolor [14], Coriolop-
is polyzona [12], Cerrena unicolor [15], Coriolopsis gallica [16], etc.
rom among the WRF  species, only the laccases from Pycnoporus
innabarinus have been the subject of a complete kinetic study of
nzymatic degradation [14], whereas Pycnoporus coccineus laccases
ave been studied for the transformation of NP and TCS in a sedi-
ent model [17]. P. sanguineus laccases are examined here for the
rst time with kinetic studies for the transformation of these target
ompounds.
In this work, two thermostable laccases were isolated and puri-
ed from the strain P. sanguineus CS43. Further objectives were
o determine their properties (molecular, biochemical and kinetic
arameters) and compare them with crude P. sanguineus CS43 cul-
ure supernatant (CS) and with other commercially available well
escribed laccases. In addition, their biotechnological potential in
egrading EDCs NP and TCS was assessed.
. Materials and methods.1. Organism and culture conditions
The white-rot fungus P. sanguineus CS43 was  obtained from the
ulture collection of the Universidad Autónoma de Nuevo León, Catalysis B: Enzymatic 108 (2014) 32–42 33
Mexico. It was maintained and sub-cultured periodically on 2% malt
extract agar (MEA) plates at 30 ◦C. Laccase production was carried
out in tomato juice medium (36.8%) and was induced at 48 h with
3 mM CuSO4 and 1% v/v soybean oil [18]. The supernatant was  col-
lected at day 15 and used for laccase puriﬁcation. The chemicals
used for this work were purchased from Sigma–Aldrich (USA).
2.2. Photometric methods
Laccase activity was  determined with ABTS as substrate. The
reaction mixture contained 0.5 mM ABTS in 0.1 M citrate/0.2 M
phosphate buffer (pH 3) at 25 ◦C with 20 L aliquots of appro-
priately diluted culture supernatant (CS) or puriﬁed enzyme.
Oxidation of ABTS was  monitored by following the increase in A420
(ε = 3.6 × 104 M−1 cm−1) [19] using a microplate reader (Power-
wave XS2, Bio Tek, Bad Friedrichshall, Germany). Enzyme activity
was expressed as international units (U), where 1 U corresponds to
1 mol  of product formed per minute.
The UV–vis absorption spectrum of each laccase was  recorded
between 300 and 700 nm with a UV-Vis spectrophotometer (Bio
Tek, Germany).
The protein concentration was  determined by the bicinchoninic
acid assay kit (QuantiPro BCA Assay Kit, Sigma, USA) using bovine
serum albumin (BSA) as standard according to the manufacturer’s
instructions. The volume, enzyme activity and protein concentra-
tion were determined after ﬁltration, ultraﬁltration, and after each
chromatographic column. Measurements for all photometric meth-
ods were performed in triplicates.
2.3. Laccase puriﬁcation
Mycelia were removed from CS by ﬁltration using two  tangential
ﬂow ﬁlters in series having 0.5 and 0.2 m pore size sequentially.
The ﬁltrated supernatant was  frozen overnight to −18 ◦C, thawed
and ﬁltered again using 0.2 m pore size ﬁlter paper, and then
it was concentrated by ultraﬁltration with a tangential-ﬂow ﬁlter
(Membrane cut-off of 10 kDa, Vivaﬂow 200, Göttingen, Germany).
The ultraﬁltered sample was  applied to an ÄKTA fast protein liquid
chromatography system (FPLC) (GE Healthcare, UK) equipped with
a QFF HiTrap 5 ml  strong anion exchange column. Laccases were
eluted with a two-step protocol at 3.5% and 10% of 1 M Na2SO4
at a ﬂow rate of 5 mL  min−1. IEX was  run at pH 5.0 with 0.2 M
piperazine buffer. Laccase fractions were collected, ultraﬁltrated
as described above and washed with 20 mM phosphate buffer, pH
7.0. Two fractions corresponding to LacI and LacII isoforms were
collected and puriﬁed by hydrophobic interaction chromatography
(HIC) on a HIC Phenyl HP 5 ml  column (GE Healthcare, UK) coupled
to the above mentioned FPLC system. Both laccases were eluted
using a linear gradient starting from 20 mM phosphate buffer pH
7.0 and 1 M Na2SO4 at 5 mL  min−1 ﬂow rate. Laccase-rich fractions
were pooled, washed to remove excess of Na2SO4 and concentrated
by ultraﬁltration as described above.
2.4. Gel electrophoresis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was  performed as described by Martin et al. [20] with
4% stacking and 12% resolving gel. For native-PAGE, samples were
not heated and sample buffer did not contain -mercaptoethanol or
SDS. Laccase bands were visualized using a Coomassie brilliant blue
solution [20] or by activity staining with 0.2% m-phenylenediamine
in acetate buffer (pH 3.6) for native-PAGE. The molecular mass of
puriﬁed laccases was  determined by comparison with standard
protein markers (Protein Marker, Broad range 2–212 kDA, Bio-
Labs, New England). Isoelectric points (pI)  of the laccase isoforms
were determined by two-dimensional (2D) electrophoresis using
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mmobilineTM DryStrip gels pH 3–10 and an Ettan IPGphor 3
soelectric focusing unit (GE Healthcare, UK) according to the man-
facturer’s instructions. The 2D gels were made employing strips of
onlinear pH gradient from 3 to 7. The strips were dried and rehy-
rated with sample solubilized in 7 M urea, 2 M thiourea, 18 mM
ithiothreitol and 4% 3-[(3-cholamidopropyl)dimethylammonio]-
-propanesulfonate (CHAPS). A high voltage (8000 V) was  applied
or 12 h. The strips were incubated in 2% SDS Tris buffer and loaded
orizontally on a second dimension gel for SDS-PAGE migration.
.5. Internal amino acid sequence
N-deglycosylation of puriﬁed isoforms was done using the Gly-
oProﬁle TM II (Sigma) kit which enzymatically removes N-linked
lycans. For partial sequencing, a sample from an IEX fraction pro-
uced six dots of low and high molecular weight that corresponded
o the identiﬁed isoforms in 2D gels. The proteins in the dots were
igested by trypsin. This enzyme cleaves peptides on the C-terminal
ide of lysine and arginine amino acid residues, without preference
y protein catalytic sites or conserved domains. The resulting pep-
ides were analyzed by matrix-assisted laser desorption/ionization
ime-of-ﬂight mass spectrometry (MALDI-TOF-MS/MS) [21].
.6. Effect of pH and temperature on laccases activity and
tability
0.5 mM ABTS, 0.3 mM DMP  and 0.3 mM guaiacol substrates were
sed to determine the optimal pH for puriﬁed laccases. The pH opti-
um was examined using Britton and Robinson (B&R) buffers from
H 2.0–8.0 at 25 ◦C. The effect of temperature on laccase activity
as determined using ABTS as substrate, in a temperature range
rom 25 to 75 ◦C, in 0.1 M citrate/0.2 M phosphate buffer at pH 3.
he mixtures were analyzed immediately after the addition of the
nzyme. An initial enzyme activity of around 200 U/L was  used for
ach sample. Three replicates of each experiment were performed.
The stability of puriﬁed laccases and CS (0.2-m ﬁltered) at dif-
erent pH values was evaluated by incubating the sample in B&R
uffers (pH 2.0–8.0) at room temperature. The thermostability was
lso analyzed in 0.1 M phosphate buffer (pH 7) at 40–70 ◦C for up
o 50 days. The residual laccase activity was measured periodically
sing ABTS as substrate. All stability experiments were performed
n three replicates. The pH (acidic region) and thermal inactivation
hrough time was modeled using the 3-parameter model of Aymard
nd Belarbi [22,23].
(A)t
(A)0
= Ce(−˛∗t) + (1 − C)e(−ˇ∗t) (1)
The ratio (A)t/(A)0 represents the enzyme activity remaining
fter time t. Exponents  ˛ and  ˇ are complex expressions of rate
onstants. The constant C indicates the weight between the two
xponential parts of the equation. The values of the different
arameters of this model were obtained by curve ﬁtting of the plot
f the residual enzyme activity versus time using GraphPad Prism
.0 software. Half-life values were calculated according to Eq. (1)
t (A)t/(A)0 = 0.5.
.7. The kinetic parameters of puriﬁed laccases
The kinetic constant Km and catalytic constant Kcat of the puri-
ed laccases for ABTS, DMP  and guaiacol were determined using
he Michaelis–Menten model at their optimal pH value and 25 ◦C.
ested concentrations varied for each substrate: ABTS, from 0.5 M
o 100 M,  guaiacol and DMP, from 20 M to 1000 M.  All the
eactions were performed at least three times and the kinetic
ata calculated from nonlinear square ﬁt regressions using the
ichaelis–Menten model (Statistica, Softstat, USA). Catalysis B: Enzymatic 108 (2014) 32–42
2.8. Effect of inhibitors on laccase activity
The puriﬁed isoforms were tested in the presence of various
common inhibitors of laccases, and organic solvents at 25 ◦C: NaF,
NaN3, urea, Na2SO4, NaCl, EDTA, acetonitrile (ACN), DMF, acetone,
ethanol and dimethyl sulfoxide (DMSO). Each inhibitor was tested
at different concentrations depending on its effects on the enzyme.
The mixture of laccase and inhibitor was incubated for 5 min at
room temperature, before the activity was  measured with ABTS as
substrate as described above. For the inhibitors Na, NaN3, and NaCl,
a biexponential function was  ﬁtted to the data (GraphPad Prism
6.0).
2.9. EDCs degradation by laccase catalyzed-oxidation
The degradation proﬁles of NP and TCS (both from
Sigma–Aldrich) were evaluated by the catalytic effect of the
CS. Using aliquots from 100 ppm stock solutions, samples of each
EDC at 10 ppm ﬁnal concentration were prepared in pH 5 McIlvaine
buffer (dibasic sodium phosphate 0.2 M/citric acid 0.1 M)  with
100 U/L laccase activity. Two sets of blanks were prepared in the
same way  as the samples but distilled water was  used tosubstitute
the stock solution in one set, and the enzyme solution in the other
set. The decrement in chromatographic peak area was used to
determine the remaining percentage concentration. An HPLC 1200
system (Series Rapid Resolution LC System Agilent Technologies,
Santa Clara, USA) equipped with an XDE-C18 column (Agilent)
thermostated at 40 ◦C was  used to analyze the samples at a
detection wavelength of 275 nm for NP and 229 for TCS with a
ﬂow of 1 mL  min−1 and an injection volume of 20 L. The eluent
consisted of a mixture of ACN and 10 mM phosphate buffer at
pH 5. The following elution proﬁle was used: from 0 to 11 min:
a gradient from 25% to 93% ACN, from 11 to 23 min: a gradient
from 93% to 25% ACN, from 23 to 30 min  constant 25% ACN. The
method was calibrated using external standards (Sigma–Aldrich,
St. Louis, USA). Samples were tested every 30 min  for 8 h at 25 ◦C.
For degradation comparison, an efﬁciency value was calculated
as the concentration of analyte degraded, in parts per billion,
divided by the laccase activity per liter, and divided by the hours
of treatment.
3. Results
3.1. Puriﬁcation and characterization of laccase isoforms
P. sanguineus CS43 was grown in a 10 L stirred tank bioreactor on
tomato-juice medium supplemented with CuSO4 and soybean oil
to enhance the maximal laccase production [18]. At culture day 15,
two abundant laccase isoforms denominated LacI and LacII were
puriﬁed by IEX, in which the isoforms were separated, eluting LacI
in the ﬁrst step and LacII in the second one, followed by an HIC with
a total activity recovery of 22% and speciﬁc activities of 279 and
290 U/mg respectively (Table 1). Each puriﬁed isoform appeared as
a single protein band on an SDS-PAGE gel with an apparent molec-
ular mass of 68 and 66 kDa respectively (Fig. 1). A third laccase
isoform was  visible on native gel electrophoresis but not puriﬁed
due to its lower concentration (not shown). After deglycosylation,
a single 51-kDa band was  observed in SDS-PAGE gel for both puri-
ﬁed isoforms suggesting the glycosylation extent to be 25 and 23%
wt. for LacI and LacII respectively (Fig. 1). Additionally, the pI of
these deglycosylated isoforms were quite similar (4.7 LacI; 4.6 LacII)
on two-dimensional gels stained with m-phenylenediamine (not
shown). The laccase isoforms also exhibited the typical color of blue
copper oxidases and an absorbance peak at 610 nm on their absorp-
tion spectrum, indicating the presence of a type 1 copper atom in
L.I. Ramírez-Cavazos et al. / Journal of Molecular Catalysis B: Enzymatic 108 (2014) 32–42 35
Table  1
Puriﬁcation of the P. sanguineus CS43 laccase isoforms.
Puriﬁcation step Volume (ml) Total protein (mg) Total activity (U) Speciﬁc activity (U/mg) Yield (%) Puriﬁcation (fold)
Culture ﬁltered 1178.6 1998.86 53,591 26.8 100 1.0
Ultraﬁltration 7.0 758.94 38,212 50.3 71 1.9
IEX:
LacI  8.3 31.67 2284 72.1 4.3 2.7
LacII  9.1 250.96 14,812 59.0 27.6 2.2
Total  17,096 60.8 31.9 2.3
HIC:
LacI  1.6 6.37 1784 279.9 3.3 10.4
LacII  2.1 34.85 10,137 290.9 18.9 10.9
Total  11,921 289.3 22.2 10.8
Fig. 1. Electrophoresis of laccase isoforms from P. sanguineus CS43 stained with
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Table 2
Amino acid sequence of ﬁve internal peptides from P. sanguineus CS43 LacI and LacII
isoforms. The underlined amino acids correspond to the differences between the
two  laccase isoforms.
Peptide Amino acid sequence
LacI LacII Identity (%)
1 FPNGADATLINGLGR FPPGSDATLINGLGR 87
2  TPGTTSADLAVIK SPGTTAADLAVIK 85
3  YSFVLDASQPVDNYWIR YSFVLDASQPVDNYWIR 100
F
E
ioomassie brilliant blue after puriﬁcation and deglycosylation using the Glyco-
roﬁle TM II Kit. Lane M Protein standard; lanes 1 and 3 puriﬁed LacI and LacII
espectively; lanes 2 and 4 deglycosylated isoforms LacI and LacII.
he molecule (Fig. 2A). A shoulder at around 330 nm in this spec-
rum was also detected for both isoforms suggesting the presence
f a T3 copper site (Fig. 2B) [24]..2. Determination of amino acid sequence
The ﬁve sequenced peptides for CS43 laccase isoforms (Table 2)
ere compared with other laccases available in the GenBank
ig. 2. (A) UV/vis spectrum of the puriﬁed P.sanguineus LacI (blue, lower pattern at low
mphasis on 300–400 nm for observation of the typical shoulder at around 330 nm,  LacI (
n  triplicates. (For interpretation of the references to color in this ﬁgure legend, the reade4  ANPPFGNVGFAGGINSAILR ANPSFGNTGFAGGINSAILR 90
5  SAGSSEYNYDNPVFR SAGSSEYNYDNPIFR 93
database. The identity between LacI and LacII was relatively high,
ranging from 85 to 100% with an average percent identity of 91%.
Both isoforms are identical to laccases from other strains of P.
sanguineus strains BRFM898 (ACG61166.1) (99%; 20% coverage)
and CIRM-BRFM901 (ACG61157.1) (100%; 20% coverage) and clos-
est to P. coccineus laccase (ACG75923.1) with 94% identity (20%
coverage). P. sanguineus CS43 LacI is closest to Lenzites gibbosa
(AEP71394.1) (85%; 15% coverage), followed by Trametes hirsuta
(ACC43989.1) and Ganoderma sp. BS1 (AAR04342.1) with 80% (15%
coverage) and 79% (20% coverage) identity, respectively. In addi-
tion, P. sanguineus CS43 LacII is closest to another laccase from T.
hirsuta (AAA33104.1) with 88% identity (15% coverage), followed
by L. gibbosa (AEP71394.1) (84%; 15% coverage) and Ganoderma
lucidum (ABK59822.1) (80%; 15% coverage).
3.3. Effect of pH and temperature on laccases activity and
stabilityThe optimal pH values were observed in the acidic region from
2 to 4 (Fig. 3A and B). Both isoforms presented an extended opti-
mal  temperature range in which more than 90% of relative activity
er wavelengths) and LacII (red, upper pattern at lower wavelengths) isoforms. (B)
blue, lower pattern) and LacII (red, upper pattern). Measurements were performed
r is referred to the web version of this article.)
36 L.I. Ramírez-Cavazos et al. / Journal of Molecular Catalysis B: Enzymatic 108 (2014) 32–42
Fig. 3. pH dependency on (A) LacI and (B) LacII activities with ABTS (), DMP  (), and guaiacol (+) as substrates at 25 ◦C. (C) Effect of temperature on laccase activity with
ABTS  as substrate at pH 3; Lac I (), Lac II (). Data points represent the means of three replicates ± SD.
F , pH 4
w t lines
A  SD.
w
L
f
m
b
a
s
t
ﬁ
m
r
1
ﬁ
L
e
E
T
K
L
N
–ig. 4. Stabilities of LacI (A), LacII (B) and CS (C) at different pH; pH 2 (), pH 3 ()
ere  ﬁtted by least squares regression to a biexponential function. Dotted straigh
BTS  as the substrate at pH 3. Data points represent the means of three replicates ±
as detected, from 40 to 70 ◦C for LacI and from 40 to 60 ◦C for
acII (Fig. 3C). Relative activity sharply increased from 65% to 100%
rom 25 to 40 ◦C. There is a deactivation effect above 60–70 ◦C,
ore pronounced for LacII that is consistent with the stability study
elow.
As shown in Fig. 4, pH stability analysis revealed that both LacI
nd LacII were stable from pH 6.0 to 8.0. Both isoforms and the CS
howed much higher stabilities under neutral and alkaline condi-
ions. At pH 7, a drop in laccase activity was observed during the
rst 6 h followed by an increase in activity with a peak at 138 h,
ore pronounced for LacI than for LacII. At pH 6, CS, LacI and LacII
etained 74, 64 and 52% respectively, of the original activity after
00 h. The culture’s supernatant was more stable than the puri-
ed isoforms at every pH tested, and LacI was more stable than
acII. Table 3 summarizes the calculated half-lives and the param-
ters of the adjusted pH stability behavior to the biexponential
q. (1).
able 3
inetic inactivation parameters of the biexponential equation (1) for puriﬁed laccases an
accase  activity was  measured with ABTS (pH 3).
Parameter C  ˛ (h−1)  ˇ (h−1)
CS LacI LacII CS LacI LacII CS 
pH
2 0.53 0.68 0.65 0.0421 0.0417 0.8475 0.3608 
3  0.82 0.68 0.66 0.0157 0.0171 0.4878 0.3486 
4  1 0.61 0.71 0.0085 0.0077 0.4704 – 
5  0.93 0.6 0.61 0.0083 0.0052 0.5809 2.192 
6  0.92 0.74 0.62 0.0021 0.0015 0.002 0.7088 
Temp  (◦C)
40 NA NA 0 NA NA – NA 
50a 0.4131 0.1422 0.3324 0.1247 0.1908 0.2077 0.0022 
60  0.5558 0.1238 0.8601 0.5235 1.59 0.3659 0.0335 
70  0.7705 1 0.9184 5.049 1.083 5.395 1.055 
80  0.9568 0.9802 0.97 40.98 25.76 57.17 8.736 
A, Not available.
, does not exist.
a For LacII 50 ◦C, a constant (Plateau) of 0.045 was added as a sum term for better ﬁt at (), pH 5(*), pH 6 (), pH 7 (), pH 8(). Curves between data points (solid lines)
 are connecting the dots without regression. Laccase activity was measured using
The thermal stabilities of CS and puriﬁed laccases were also
studied. The relative activity proﬁle for each temperature through
time was  ﬁtted to the three parameters biexponential equation
mentioned above [22]. In this study, the ﬁrst part of the equa-
tion is used as the fast decay element. The physical meaning of
the parameters and their expressions as a function of individual
rate constants differs according to the mechanism considered. This
expression could be used irrespective of the inactivation mecha-
nism involved [22]. Fig. 5 illustrates that LacI and LacII were stable
at 40 and 50 ◦C. LacI showed a residual activity of 85% after a 6-
week incubation at 40 ◦C, while LacII retained more than half its
initial activity over that same period of time. The CS showed an
intermediate thermal stability between those of the puriﬁed lac-
cases (Fig. 5C). The half-life and thermal inactivation parameters
for CS and puriﬁed laccases at different temperatures are listed in
Table 3. The half-lives of LacI were 277.8 and 18 h for temperatures
of 50 and 60 ◦C respectively, whereas LacII was  less stable showing
d CS at different pH (at room temperature), and different temperatures (at pH 7).
 R2 Half-life (h)
LacI LacII CS LacI LacII CS LacI LacII
1.812 0.0568 0.9926 0.9931 0.9946 5.17 7.44 1.52
0.6201 0.0219 0.9971 0.9918 0.999 31.6 18.29 2.68
0.8091 0.0111 0.9876 0.9912 0.9979 81.75 24.89 2.49
0.6837 0.0064 0.9913 0.9943 0.9959 75.29 33.3 2.87
1.254 0.8963 0.98 0.9724 0.9867 290.45 263.32 105.02
NA 0.0007 NA NA 0.8984 >1012 >1012 1012
0.0019 0.0071 0.9862 0.9733 0.9956 73.64 277.77 35.84
0.0303 0.0107 0.9772 0.9689 0.98 3.25 18 2.25
–– 0.6558 0.9996 0.9917 0.9987 0.18 0.64 0.14
4.386 5.977 0.9984 0.9991 1 0.02 0.03 0.01
 the long term data.
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Fig. 5. The thermal stability at pH 7 of Lac I(A), LacII (B), CS (C); 40 ◦C (), 50 ◦C (), 60 ◦C (), 70 ◦C (), 80 ◦C().  Laccase activity was  measured using ABTS as the substrate
at  pH 3. Data points represent the means of three replicates ± SD.
Table 4
Michaelis–Menten kinetic constants of studied P. sanguineus laccases at their optimal pH.
Substrate Km (M)  Kcat (s−1) Kcat/Km (mM−1 s−1) Optimal pH
Lac I Lac II Lac I Lac II Lac I Lac II Lac I Lac II
447.2 74,816.4 36,746.1 2.5 2
155.6 2068.4 812.2 3.5 3
2084.4 1665.5 1893.5 4 4
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Table 5
The effect of inhibitors on puriﬁed laccase activity at 25 ◦C. Laccase activity was
measured using ABTS as the substrate at pH 3.
Inhibitors IC50 (mM or %a) Complete inhibition
(mM  or %a)
LacI LacII LacI LacII
NaF 0.08 0.02 16 8
NaN3 6.2E-06 6.9E-07 16 16
Urea 5810 3930 >8000c >8000c
Na2SO4 >800b >800b >800c >800c
NaCl 65 14 >2000c >2000c
Acetonitrilea >64b 33 >64c >56c
DMFa 37 26 64 64
Acetonea 47 31 >72c >72c
Ethanola 55 52 >64c >64c
DMSOa 41 33 72 72
EDTA 49 42 100 80
a Values for organic solvents are given in % (v/v).
b Values refer to the respective highest concentration tested where 50% inhibitionABTS 6.9 12.2 519.2 
DMP  89.2 191.6 184.6
Guaiacol 1484.5 1100.8 2472.5 
alf-lives of 35.8 and 2.25 h correspondingly. As the temperature
ncreased, the half-life decreased exponentially. Interestingly, the
elationship between the kinetic parameters  ˛ and  ˇ from Eq. (1),
or each enzyme at different temperatures, seems to present a pos-
tive linear relation. This may  indicate an interaction of a fast and a
low process related with the thermal inactivation. More data will
e needed for conﬁrmation [17].
.4. Kinetic parameters of puriﬁed laccase
Table 4 shows the kinetic constants of the puriﬁed laccases with
BTS, DMP  or guaiacol as substrate. The lowest Km values for LacI
nd LacII were both found with ABTS, which indicated a high afﬁn-
ty for this substrate. The apparent binding afﬁnities for the tested
ubstrates were in the order ABTS > DMP  > guaiacol. The speciﬁcity
onstants, Kcat/Km values, varied from 812 mM−1 s−1 (LacII) for
MP  up to 74,816 mM−1 s−1 (LacI) for ABTS (Table 4). These results
mply that ABTS is the best substrate. For LacI, the Kcat/Km values
ere more than double the ones of LacII for ABTS and DMP, but
imilar for guaiacol.
.5. Effect of inhibitors on laccase activity
The effects of several putative inhibitors and organic solvents on
uriﬁed laccase activities were investigated with ABTS as substrate.
he concentration at which the enzyme activity was reduced to
0% (CI50), and complete inhibition concentration are presented in
able 5. LacI and LacII were strongly inhibited by NaN3 and NaF.
hile both enzymes showed high tolerance to the tested organic
olvents, LacI registered higher CI50 than LacII by up to 16% with
cetone and more than 30% with ACN. The inactivation observed at
ifferent concentrations of NaN3, NaF and NaCl were best described
y a biexponential function for both isoforms.
.6. Degradation of EDCs by laccase catalyzed-oxidationTwo common EDCs are NP and TCS, a non-ionic surfactant
iodegradation metabolite and a biocide respectively. Since there
re some limitations for their removal with conventional water
reatment methods, several approaches with fungal enzymes havewas not observed.
c Values refer to the respective highest concentration tested where a complete
inhibition was  not observed.
been developed. The genus Pycnoporus’ laccase system has not been
studied extensively in aqueous solution. P. sanguineus, as a model
laccase producer, is for the ﬁrst time examined for the transforma-
tion of NP and TCS.
The degradation proﬁle of NP and TCS treated with CS (100 U/L)
at pH 5, showed a pronounced reduction of each EDC  concentra-
tion (Fig. 6A and B). After 4 and 6 h of treatment respectively, 94%
degradation for NP and 92% degradation for TCS was determined.
The efﬁciency of the degradation was 23.6 (ppb L/U h) for NP and
15.3 (ppb L/U h) for TCS. In a previous 2 h treatment evaluation for
TCS and NP, puriﬁed laccases and CS were tested with a similar
degradation response for both EDCs (data not shown).
4. DiscussionLaccases produced by P. sanguineus CS43 culture in tomato
juice medium induced with soya oil and CuSO4 were puriﬁed and
characterized. The presence of some unique properties of the puri-
ﬁed isoforms marks them as potential candidates for industrial
38 L.I. Ramírez-Cavazos et al. / Journal of Molecular Catalysis B: Enzymatic 108 (2014) 32–42
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eig. 6. Degradation proﬁle in aqueous phase with 100 U/L of laccase activity from c
eans  duplicates ± SD.
pplications, including wastewater treatment. In addition, the
nzymatic preparation for an industrial treatment may  require just
rimary separation steps after harvesting from the reactor: the
nzymes are secreted to the medium, and the supernatant proved
o have good pH stability (higher than the puriﬁed enzymes), and
ts thermal stability lays between that of the two isoforms.
Previous reports have demonstrated the production of multi-
le laccase isoforms by P. sanguineus under different conditions
8,10,25–28], but the maximal laccase activity (143000 U/L) was
reviously observed in the strain CS43 used in the present study
18]. P. sanguineus CS43 produced three isoforms of laccase, one
f them with only a low abundance in the crude extract. The
wo most abundant CS43 laccase isoforms have molecular weights
66–68 kDa) consistent with the reported for most fungal laccases
1]. The production of 68 kDa-laccases by P. sanguineus has been
lso observed by Dantán-González, et al. [8] Vite-Vallejo et al. [10]
nd García et al. [27]. The puriﬁed CS43 laccases presented typ-
cal characteristics for most laccases; they exhibited a shoulder
t 330 nm,  a peak at 610 nm and about 23–25% of glycosylation.
his glycan content is normally observed in basidiomycetes, which
resent an extent of glycosylation of up to 25% of their weight [1].
-glycosylation has been associated to the thermal and pH stabil-
ty of P. sanguineus laccases [10]. The pI of these puriﬁed isoforms
as similar to many fungal laccases, whose pI ranges from 2.6 to
.9 [1]. In addition to the molecular masses, glycosylation and iso-
lectric points, the partial amino acid sequence of the CS43 laccase
soforms showed 91% homology between them. Notably, the pep-
ide sequences YSFVLDASQPVDNYWIR, highly conserved into both
accase isoforms, was identiﬁed as possible Cu-oxidase domain
y BLAST sequence analysis. An important similarity to other lac-
ases from basidiomycetes and agaricomyecetes was also observed,
here the high homology (79–100%) and lower coverage (15–20%)
n sequence indicate that other non-sequenced regions from CS43
accases could also participate in their different catalytic proper-
ies. Future work in a high coverage sequencing could reveal them
s new enzymes or conﬁrm their similitude with other already
eported.
Fungal laccases typically present pH optima activity in the acidic
H range; for ABTS is usually lower than 4.0 [1] displaying a mono-
onic proﬁle [3]. For LacI, the optimal pH for ABTS was in the lowest
ange reported for fungal laccases [1]. Regarding DMP  and guaiacol,
he optimal pH was typical for fungal laccases, as was  the range of
ptimal temperatures [1,11].
There are not many reports in which the pH stability proﬁle is
escribed for P. sanguineus laccases. Only Wang et al. [2] presented
H stability graphs for isoforms of Pycnoporus sp. In our work, an
xtensive pH stability study is reported. A prolonged experiment
ith periodic measurements over 500 h allowed the calculation of
alf-lives from pH 2 to 6. The data ﬁtted well to a biexponential
quation, with R2 ranging from 0.9724 to 0.9990. A more complex supernatant, and 10 ppm of EDC at pH 5. (A) NP. (B) TCS. Data points represent the
biexponential model has also been successfully used for pH inac-
tivation proﬁle of ˇ-galactosidase by Ladero et al. [23]. LacI was
notably more stable than LacII with half-lives up to 11.6 times
greater at pH 5. As suggested by Bonomo et al. [29] by testing
two fungal laccase isoforms, one factor that might inﬂuence the
superior pH stability of LacI over LacII could be the higher content
of acid residues on LacII, responsible for conformational changes in
the tertiary structure of the molecule at low pH, by a protonation
effect or salt bridge breaks causing a loss of activity. Also, CS
achieved half-lives greater than the puriﬁed laccases from pH 3 to
6 with a maximum of 3 and 30 times greater than LacI and LacII
respectively at pH 4 (Table 3). It is possible that impurities present
in the supernatant could confer protection to the active centers in
these conditions. Laccases were stable at pH 7 and 8, with a residual
activity of more than 64% after 20 days at pH 7. The laccases in
our study were more sensitive to pH 5 and 6 than the laccases
described by Uzan et al. [3] from another strain of P sanguineous.
For speciﬁc enzymatic applications where high temperature
conditions prevail, thermal resistant enzymes are required. P. sang-
uineus CS43 produced thermostable laccases like those reported
before for other Pycnoporus species. The thermal stability of both
isoforms was  different, with a better performance observed of LacI
over LacII. For example, LacI half-life at 60 ◦C was 8 times longer
than LacII. What makes a particular laccase more or less ther-
mostable must be related with the overall 3D protein conﬁguration
and minor structural modiﬁcations at the copper sites [11]. Using
the data collected in this study it was not possible to determine
which differences between the isoforms accounted for the higher
thermal stability of LacI, although some differences in amino acid
sequence were observed, as well as a somewhat higher qualitative
glycosylation content.
Commercial available laccases, such as the ones produced by T.
versicolor or Pleourotus ostreatus, do not share the thermostability
demonstrated by LacI. For example, Stoilova et al. [30] reported
a laccase from T. versicolor with an approximated half-life of 6 h
at 50 ◦C and 3 h at 60 ◦C]. In a study by Han et al. [31], the half-
life for laccase from the same species was less than 1 h at 60 ◦C;
and Rancan˜o et al. [32], reported half-lives of 75 h and 5 h for 50 ◦C
and 60 ◦C respectively. For Pleurotus ostreatus, Palmieri et al. [33]
reported for laccases POXA1w, POXA2 and POXC, half-lives of 3.3,
0.2 and 0.5 h respectively at 60 ◦C, while Okamoto et al. [34], and
Karp et al. [35], reported half-lives of 20 and 8 min  respectively
at the same temperature [32]. The thermostability of LacI at 60 ◦C
(18 h) and 70 ◦C (38 min) are situated in the high end range with
others laccases from the genus Pycnoporus already reported, and
to the best of our knowledge, the half-life of LacI at 50 ◦C is from
the highest reported for puriﬁed P. sanguineus laccases (277.7 h)
(Table 6). The half-lives for both isoforms at 50 and 60 ◦C are similar
to those reported by Wang et al. [2]. In our study, the CS half-life
was somewhere between the half-lives of the two isoforms at each
L.I.
 R
am
írez-Cavazos
 et
 al.
 /
 Journal
 of
 M
olecular
 Catalysis
 B:
 Enzym
atic
 108
 (2014)
 32–42
 
39
Table 6
Biochemical and kinetic parameters for Pycnoporus sp. laccases.
Organism Isoelectric
point
Molecular
mass (kDa)
Carbohydrate
content (%)
Optimal
temperature (◦C)
General pH
dependency
Optimal pH Thermostability, half-life (h)
ABTS DMP Guaiacol 40 ◦C 50 ◦C 60 ◦C 65 ◦C 70 ◦C 75 ◦C 80 ◦C
P. sanguineus CY788 65 3
P.  sanguineus 3.97 0.8
P.  sanguineusa <3.5 70 3–4.5 >2 1.33 0.17
P.sanguineus 60 3 0.58
P.  sanguineus SCC 108 6.7 58 55 3 4 4 3.33 2.83
P.  sanguineus CCT-4518, LacI 80 30
P.s sanguineus CCT-4518, LacII 68 50 3.2 4.4 <2 0.33
P.  sanguineus CY788 4 57 50 2.5 3.2 0.59 0
P.  sanguineus 61 65 3 4
P.  sanguineus MUCL 38,531 66 60 3
P.sanguineus MEXU 25,347 7 68
P. sanguineus MEXU 25,347 7.1 68 38.5 10.5 2.28 0.2
P.  Sanguineus MEXU 25,347 4.5 68 80 4 13 5 2
P.  sanguineus KUM 60,954 71 40
P.  sanguineus KUM 60,953 74 40
P.  sanguineus (BRFM 902) 63 9 65 4–6 2.67 >0.58
P.  sanguineus (BRFM66) 60 7 71 3.5–6 >3.33 >1
P.  sanguineus CS2 3 3.5 3.9
P.sanguineus CS43b >1012 73.64 3.25 0.18 0.02
P.sanguineus CS43, LacI 4.7 68 25 40–70 2.5 3.5 4 >1012 277.77 18.00 0.64 0.03
P.  sanguineus CS43, LacII 4.6 66 23 40–60 2 3 4 1012 35.84 2.25 0.14 0.01
P.coccineusM85-2  3 62 60 5
P.coccineus MUCL 38,527 3.7 62 8 60 3.5 3.5 5 0.7 0.6
P.  coccineus (BRFM 938) 62 10 65 4.5–5 >3.33 >1.35
P.  cinnabarinus CBS-101,046 3 63 11 4–4.5 2
P.  cinnabarinus ss3 3.5 70 65 4.5
Pycnoporus sp.  SYBC-L1, LacI 56 65 3 3.5 4 69.31 2.58 0.1 0.07
Pycnoporus sp.  SYBC-L1, LacII 63 70 2.5 3 3.5 256 21 2.1 0.17
Pycnoporus sp.  SYBC-L1b 50 3.5 10 6.5 4 0.12
40
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Table 6 (Continued)
Organism Kinetic parameters Refs.
ABTS DMP  Guaiacol
Km (M) Kcat (s−1) kcat/km (s−1 mM−1) Km (M) Kcat (s−1) kcat/km (s−1 mM−1) Km (M) Kcat (s−1) kcat/km (s−1 mM−1)
P. sanguineus CY788 [37]
P. sanguineus [38]
P. sanguineusa [7]
P.sanguineus 36.8 [39]
P. sanguineus SCC 108 130 48.0 369 52 21 404 [9]
P. sanguineus CCT-4518, LacI [27]
P.s sanguineus CCT-4518, LacII 58 370 [40]
P. sanguineus CY788 17.6 9.5 537 [4]
P. sanguineus 77 1.148 14.9 203 0.1 0.6 [28]
P. sanguineus MUCL 38,531 [41]
P.sanguineus MEXU 25,347 238.6 94.2 394.8 693.1 10.4 14.9 [8]
P. sanguineus MEXU 25,347
P. Sanguineus MEXU 25,347 106 59.3 559.3 250 123 492 [10]
P. sanguineus KUM 60,954 [42]
P. sanguineus KUM 60,953
P. sanguineus (BRFM 902) 32 236.9 7400 [3]
P. sanguineus (BRFM66) 33 214.3 6500
P.  sanguineus CS2 23 221 9608.7 41 88 2146.3 [25]
P.sanguineus CS43b c
P.sanguineus CS43, LacI 6.9 519.2 74,816.4 89.2 184.6 2068 1485 2473 1666
P.  sanguineus CS43, LacII 12.2 447.2 36,746.1 191.6 155.6 812.2 1101 2084 1894
P.coccineusM85-2  [43]
P.coccineus MUCL 38,527 36 27 [44]
P. coccineus (BRFM 938) 26 218.1 8383.3 [3]
P. cinnabarinus CBS-101,046 330 [45]
P. cinnabarinus ss3 41 272 6634.1 [46]
Pycnoporus sp.  SYBC-L1, LacI 16.6 326 19,640 341 188 551 1125 98 87 [2]
Pycnoporus sp.  SYBC-L1, LacII 43.5 1356 31,172.6 192 737 3825 745 177 237
Pycnoporus sp.  SYBC-L1b [47]
a Monokariotic strain prepared with classical genetics (G05.10).
b Culture supernatant.
c Present study.
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tudied temperature. The average of the isoforms mixture is the
ean of the thermal deactivation of both isoforms [22].
For the entire matrix tested in this study, the temperature
eactivation kinetics were well described by the biexponential
xpression already mentioned. At 40 ◦C, the adjustment could just
e ﬁtted to LacII, as for LacI and CS there was not enough activity
ecay after 1000 h. At 50 ◦C, for LacII the least thermostable iso-
orm, the addition of a constant to the two exponential parts was
eeded in order to describe well the residual activity after 400 h
s a plateau was reached, indicating a possible retention of par-
ial activity by the transformed enzyme [22]. In general for this
hermal stability study, the fast decay component C was  higher (C
ear 1) at high temperatures, while at low temperatures the low
ecay component was the more important (C near 0). The appar-
nt linear relationship of  ˛ and  ˇ (Eq. (1), Table 3) over the entire
ange of temperatures tested, may  indicate an interaction of the fast
nd slow processes that naturally occurs, as in a three state system
n which transitions occur as a sequence of two consecutive reac-
ions (in series) for the enzyme deactivation. The rate of transition
ould be due to involvement of the same enzyme state for both
rocesses rather than participation of two unrelated or competing
eactivation pathways [36].
To measure the kinetic properties of a speciﬁc enzyme reac-
ing with a particular substrate, several constants are commonly
sed. From the Michaelis–Menten equation, Km represents the sub-
trate concentration at which the velocity rate is half maximal;
cat, is the number of substrate molecules turned over per enzyme
olecule per second. As a result, the ratio Kcat/Km, so-called speci-
city constant, is used to compare enzyme efﬁciency in catalyzing
he transformation of their substrate under a given set of condi-
ions. LacI and LacII presented similar Kcat values, while Km of LacI
or ABTS and DMP  were almost half the Km of LacII. LacI was  a more
fﬁcient catalyst for those substrates. In detail, for ABTS oxidation,
he puriﬁed enzymes revealed kinetic properties out of the typi-
al range compared to other Pycnoporus species (Table 6), and in
he lowest values for fungal laccases [1,4,48,49]. The ABTS Kcat val-
es were the highest reported for Pycnoporus sp., while the Kcat/Km
alues were the highest for this species and among the highest for
ungal laccases [4,49]. In the case of guaiacol, the Km and Kcat for
oth isoforms were in the higher end of values for fungal laccases
nd speciﬁcally for the Pycnoporus genus. Despite of the high Km,
he speciﬁcity constant for guaiacol is still the highest for this strain.
hese ﬁndings point to potentially unique catalytic efﬁciencies with
ifferent laccase substrates as some EDCs could be.
Regarding the effect of typical enzyme inhibitors, noticeable dif-
erences to other laccase were observed, especially with organic
olvents. Most laccase substrates are barely soluble in water, and
ncreasing the substrate concentration by the use of organic sol-
ents could accelerate enzymatic reaction in synthetic applications.
owever, high organic solvent concentrations generally cause lac-
ase denaturation [3]. To the best of our knowledge this is the ﬁrst
ork to report the tolerance of a Pycnoporus laccase to acetone and
MF. In this work, both isoenzymes seemed to be highly tolerant of
he tested organic solvents, with a considerably better performance
f LacI over LacII [3,50]. The IC50 for the tested solvents varied from
6% to more than 64% (Table 5).
It has been suggested that halides bind to Type-2 and Type-3 Cu,
ausing an interruption of the internal electron transfer and conse-
uent inhibition of activity [48]. Independent of the mechanism
nvolved in the laccase inactivation, the biexponential equation
sed ﬁtted the inhibition caused by the halides NaF and NaCl with
2 at least 0.9965, and a lower concentration was needed for NaF
s expected. Smaller and more electronegative halides inhibit lac-
ases more effectively than those bigger or less electronegative
51]. The biexponential model was also used by Kittl et al. [52] to
escribe the inactivation proﬁles caused by the same halides with Catalysis B: Enzymatic 108 (2014) 32–42 41
laccase from the ascomycete Botrytis aclada.  .The CI50 for NaN3,
were several orders of magnitude lower than those reported for
other laccases [26,53] and the related inhibition also ﬁtted the
biexponential equation. For every inhibitor tested, LacI was more
resistant than LacII, as expected, because thermostable enzymes
are usually more resistant to chemical denaturants and alkalinity
or extreme acidity [11].
For the EDCs degradation study, the efﬁciencies obtained in the
degradation of NP and TCS at pH 5 and 25 ◦C (23.6 and 15.3 ppb L/U h
respectively) were among the range for NP and high for TCS in
comparison with similar studies with other fungi laccases. Saito
et al. [54] registered a 99% degradation of 1.1 g/L of NP after 12 h
of treatment with 5000 U/L of laccase from a fungus of the family
Chaetomiaceae at 40 ◦C and pH 7 with an efﬁciency of 1.8 (ppb L/U h).
Kim and Nicell [55] obtained an efﬁciency of 6.7 (ppb L/U h) for TCS,
while using 300 U/L of laccases from T. versicolor at 25 ◦C and pH 5;
after 2 h, the TCS concentration was reduced close to 69% working
with an initial concentration of 5.8 mg/L. At a high temperature of
50 ◦C, the efﬁciencies resulting from the study of Cabana et al. [12]
with C. polyzona laccases, were 1187.5 and 4.1 (ppb L/U h) for NP
and TCS correspondingly, working with 1 U/L  and 100 U/L respec-
tively at pH 5; the degradation of 95% of NP (5 mg/L) was registered
at 4 h while 35% TCS (5 mg/L) remained after 8 h of treatment.
From this study, it can be remarked the potential role of this
enzyme to degrade EDCs with good degradation efﬁciency at 25 ◦C
in aqueous solution. The use of the supernatant instead of the
puriﬁed laccase can be the basis for developing sustainable method-
ologies toward degradation of pollutants with an efﬁciency similar
to that of the puriﬁed enzymes, while eliminating expensive puriﬁ-
cation steps. The use of natural mediators [56,57] or immobilization
techniques could enhance the capabilities for an industrial appli-
cation [44].
5. Conclusions
CS and the puriﬁed LacI and LacII isoforms obtained from P.
sanguineus CS43, have unique properties that make them ideal
for industrial applications in wastewater treatment. They have
shown to be especially ideal for applications where high tempera-
ture and/or organic solvents are present. Besides, the outstanding
Michaelis–Menten kinetic parameters obtained for typical sub-
strates and the biodegradation capability demonstrated for two
EDCs, make them ideal candidates for EDCs wastewater treatments.
The use of ﬁltered CS might be sufﬁcient (for free or immobilized
enzymes) as the CS presented high pH and thermal stability, there-
fore there might be no need to spend more resources in puriﬁcation
steps. Our research group is already working in the characteriza-
tion of the degradation of different water micropollutants, as well
as in the complete sequencing and understanding of the isoforms
differences that confers LacI a markedly better performance than
LacII in pH and thermal stability as well as better resistance to
inhibitors.
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